INTRODUCTION
============

Magnetic random access memories (MRAMs) ([@R1]--[@R3]) represent the most advanced example of spintronic devices that are foreseen to become the leading alternatives to complementary metal-oxide semiconductor (CMOS) microelectronics for "beyond Moore's law" information technologies ([@R4]). One of the unresolved fundamental problems in spintronics is the electrical writing speed. Regardless of whether one is using Oersted fields or advanced two-terminal spin-transfer torque or three-terminal spin-orbit torque device geometries ([@R1]--[@R3], [@R5]--[@R11]), the writing speed has a physical limit in ferromagnetic memories in the gigahertz range, beyond which it becomes prohibitively energy-costly ([@R9]--[@R12]). The interest in antiferromagnetic memories is driven by the vision of ultrafast operation far exceeding the gigahertz range ([@R13]). Recently, terahertz writing speed has become a realistic prospect with the experimental discovery ([@R14]) of the electrical switching in the CuMnAs antiferromagnet by a staggered spin-torque field ([@R15]) under ambient conditions. This was followed by upscaling of the experimental writing speed to the gigahertz range and by demonstration of a fabrication compatibility with III-V semiconductors or Si and a device compatibility with common microelectronic circuitry ([@R16]).

These initial experiments verified several unique features of antiferromagnetic bit cells, including their magnetic field hardness, absence of fringing stray fields, and neuron-like multilevel memory-logic functionality ([@R14], [@R16], [@R17]). Four-terminal devices delivering orthogonal, current polarity--independent writing pulses have been demonstrated ([@R16]) as well as switching controlled by the polarity of the writing current that, in principle, enables the construction of two-terminal devices ([@R18]). Current-induced switching has also been replicated already in another suitable antiferromagnet, Mn~2~Au ([@R19], [@R20]). However, the envisaged terahertz electrical writing speed ([@R13], [@R15], [@R17], [@R21]) in antiferromagnetic memories has not been experimentally demonstrated before this work.

RESULTS
=======

Switching principle and measurement setup
-----------------------------------------

The principle of the reversible current-driven antiferromagnetic switching is illustrated in [Fig. 1](#F1){ref-type="fig"} (A and B), which shows the crystal and magnetic structure of CuMnAs, a prototypical antiferromagnetic compound with a high Néel temperature ([@R22]). The Mn spin sublattices with opposite magnetic moments occupy noncentrosymmetric crystal sites that are inversion partners. The local symmetry properties of the lattice, together with the spin-orbit coupling, imply that a global electrical current driven through the crystal generates local, oppositely oriented carrier spin polarizations at the inversion partner sites ([@R14], [@R15], [@R23]). This alternating nonequilibrium polarization acts as an effective staggered magnetic field on the antiferromagnetic moments. The strength of the staggered field is proportional to the current-induced polarization and to the exchange coupling between the carrier spins and the antiferromagnetic moments ([@R14], [@R15], [@R23]). The staggered field axis and, therefore, the switching direction are controlled by the direction of the writing current. In CuMnAs, the field and current are perpendicular to each other. The physics is analogous to the highly efficient spin-orbit torque switching mechanism in ferromagnets ([@R6]--[@R8]) whose writing speed is, however, limited by the gigahertz threshold ([@R10]).

![Switching principle and device images.\
(**A**) Schematics of the crystal and magnetic structure of the CuMnAs antiferromagnet in which the two opposite magnetic sublattices occupy inversion partner Mn sites. A uniform electrical current (black dashed arrow) generates a nonequilibrium spin polarization of carriers (black electron symbols with spin arrows) with opposite sign at inversion partner Mn sites. The corresponding staggered effective magnetic field efficiently switches the antiferromagnetic moments (reorientation of thick red/purple arrows). (**B**) Reversible switching is achieved by applying the writing current in the orthogonal direction. (**C**) Electron microscopy image of the Au contact pads (light regions) of the device. (**D**) Detailed electron microscopy image of the device with a 2-μm-size central cross structure. Light regions are the apexes of Au contact pads, gray regions are etched down to the GaAs substrate, and black regions are CuMnAs.](aar3566-F1){#F1}

To establish the feasibility of extending the writing speed in antiferromagnets to the terahertz band, we compare our ultrashort writing pulse experiments to the results obtained with longer writing pulses in the same device structure. Electron micrographs of the device are shown in [Fig. 1](#F1){ref-type="fig"} (C and D). We first recall the previously established technique that has enabled the scaling of the writing pulse time τ~p~ down to 250 ps, corresponding to the writing speed 1/τ~p~ of up to 4 GHz ([@R16], [@R22]). In this scheme, the current pulses are delivered via wire-bonded contacts, and here, τ~p~ \~ 100 ps is at the limit achievable with common current pulse setups. A 90° reversible switching is realized in cross-shape bit cells (see [Fig. 1](#F1){ref-type="fig"}, C and D) by alternating current pulses along one of the two orthogonal directions, as shown by white dashed lines on the electron microscopy image of the cell in [Fig. 2A](#F2){ref-type="fig"}. White double arrows depict the corresponding orthogonal Néel vector orientations preferably set by the two current directions. Apart from the reversible switching controlled by alternating the two orthogonal writing currents, earlier studies have also shown that multiple pulses can be applied successively along one writing path, revealing neuron-like multilevel switching characteristics naturally occurring in antiferromagnetic microstructures ([@R14], [@R16], [@R24], [@R25]). This has been associated with multidomain reconfigurations ([@R26]), and we will exploit the feature also in our picosecond pulse experiments described below.

![Contact and noncontact experimental setup.\
(**A**) Electron microscopy image of the cross-shape bit cell and schematics of the reversible writing by electrical pulses of two orthogonal current directions delivered via wire-bonded contacts. White dashed lines illustrate electrical current paths, and white double arrows show the corresponding preferred Néel vector orientations. (**B**) Waveform of the applied microsecond electrical pulses. (**C**) Schematics of the reversible writing by terahertz electric field transients whose linear polarization can be chosen along two orthogonal directions. (**D**) Waveform of the applied picosecond radiation pulses.](aar3566-F2){#F2}

For our experiments with 1/τ~p~ in the terahertz range, we use the same cross-shape bit cell and an analogous experimental setup. However, as shown in [Fig. 2C](#F2){ref-type="fig"}, we use a noncontact technique for generating the ultrashort current pulses in the memory cell to overcome the above limit of common contact-based current pulse setups. To explore reversible writing with pulses of τ~p~ ≈ 1 ps, we apply free-space terahertz electromagnetic pulses whose linear polarization can be chosen along two orthogonal directions, as sketched in [Fig. 2C](#F2){ref-type="fig"}. The waveform of the incident electric field transient is plotted in [Fig. 2D](#F2){ref-type="fig"} (for more details, see Materials and Methods) ([@R27]). As in the contact writing scheme, white double arrows depict the corresponding orthogonal Néel vector orientations preferably set by the two orthogonal polarizations.

In both contact and noncontact setups, the electrical readout is performed by detecting the antiferromagnetic transverse anisotropic magnetoresistance (AMR) (using a readout current amplitude of 3 × 10^5^ A cm^--2^), as shown in [Fig. 3](#F3){ref-type="fig"} ([@R14], [@R15], [@R24]). Here, the readout current direction is depicted by a white dashed line on the electron microscopy image of the cell. The transverse AMR has opposite signs for the two orthogonal Néel vector directions. The correspondence between the electrical readout signals and the 90° reversible switching of antiferromagnetic domains was confirmed in earlier experiments using x-ray magnetic linear dichroism photoemission electron microscopy ([@R14], [@R26]).

![Comparison of switching by microsecond and picosecond pulses.\
(**A**) Reversible multilevel switching by 30-s trains of microsecond electrical pulses with a hertz pulse repetition rate, delivered via wire-bonded contacts along two orthogonal directions. The applied writing current density in the 3.5-μm-size CuMnAs/GaAs cell is 3 × 10^7^ A cm^--2^. Intervals with the pulse trains turned on are highlighted in gray, and the two orthogonal current directions of the trains alternate from one interval to the next. Electrical readout is performed at a 1-Hz rate. Right insets show schematics of the transverse AMR readout. White dashed lines depict readout current paths. (**B**) Same as (A) for picosecond pulses with a kilohertz pulse repetition rate. The writing current density in the 2-μm-size CuMnAs/GaAs bit cell recalculated from the amplitude of the applied terahertz electric field transient is 2.7 × 10^9^ A cm^--2^. Electrical readout is performed at an 8-Hz rate.](aar3566-F3){#F3}

To confirm the AMR symmetry, we use two electrical detection geometries in which we interchanged the readout current and transverse voltage axes (see [Fig. 3](#F3){ref-type="fig"}). For the AMR, the readout signal flips sign between the two geometries ([@R14]). Note that the AMR readout signal in these experiments does not depend on the polarity of the writing current. We also apply a bipolar waveform of the writing pulses in the contact setup to explicitly highlight the correspondence to the noncontact, picosecond pulse measurements (see [Fig. 2](#F2){ref-type="fig"}, B and D). All experiments are performed at room temperature.

Terahertz writing speed experiments
-----------------------------------

In [Fig. 3A](#F3){ref-type="fig"}, we present measured data for microsecond writing pulses. These were delivered by the contact method in a bit cell fabricated from a 50-nm-thick CuMnAs film deposited on an insulating GaAs substrate. The pulse train of one current direction is turned on for 30 s, and then the train is turned off for 30 s, followed by turning on for 30 s the pulse train with the orthogonal current direction. The data show the phenomenology attributed in the earlier studies to the multilevel switching of the antiferromagnet by the current-induced staggered spin-orbit field ([@R14], [@R16]). The readout signal increases as the successive pulses within a train arrive at the bit cell. The trend reverses when applying the pulse train with the orthogonal current direction, and the overall sign of these reversible switching traces flips between the two readout geometries, consistent with the AMR symmetry.

Note that the readout signal in [Fig. 3A](#F3){ref-type="fig"} partially relaxes after turning the pulse train off. In the Supplementary Materials, we show that no relaxation is observed in this CuMnAs structure when slightly lowering the temperature to 260 K. In general, the stability of the switching signal can be broadly varied by changing the CuMnAs structure parameters ([@R16]); examples of stable retention at room temperature in CuMnAs are reported by Wadley *et al*. ([@R18]), and in Mn~2~Au by Bodnar *et al*. ([@R19]). Data in [Fig. 3A](#F3){ref-type="fig"} were obtained for an applied writing current density *j* = 3 × 10^7^ A cm^--2^ and a writing pulse repetition rate of 1 Hz. Wadley *et al*. ([@R14]) and Olejník *et al*. ([@R16]) reported more systematic dependencies of the switching signal on the writing pulse length, repetition rate, and current density in the contact setup.

Remarkably, analogous reversible switching traces, with an initial steep increase of the AMR signal followed by a tendency to saturate, can be written in the same CuMnAs memory cell structure by picosecond pulses, as shown in [Fig. 3B](#F3){ref-type="fig"}. Here, the current density, recalculated from the applied intensity of the terahertz electric field *E* = 1.1 × 10^5^ V cm^--1^, was increased to *j* ≈ 2.7 × 10^9^ A cm^--2^ for these ultrashort pulses. See below for a detailed discussion of the *E* to *j* conversion. The correspondence between the measured data in [Fig. 3](#F3){ref-type="fig"} (A and B) indicates that for the picosecond pulses, the reversible switching of the antiferromagnet, controlled by the polarization direction of the incident terahertz electric field, is also due to the current-induced staggered spin-orbit field. Note that this switching mechanism allows us to use the electric field transient and that we do not rely on the weak magnetic field component of the radiation ([@R28]) or on nonlinear orbital transition effects ([@R29]).

Performing a measurement with an isolated single pulse was not feasible in our terahertz setup. However, we emphasize that the writing pulse repetition rate in [Fig. 3B](#F3){ref-type="fig"} was set to 1 kHz, that is, the ratio of pulse delay to pulse length is as large as 10^9^. We also point out that at the millisecond (or longer) range of delays between writing pulses, the change of the signal due to the subsequent pulse in the train is not affected by transient heating effects of the previous pulse and is independent of the delay time ([@R16]).

However, to more explicitly highlight the effect of a single picosecond pulse, we increase the current density to *j* ≈ 2.9 × 10^9^ A cm^--2^ and further reduce the repetition rate of the writing pulses to 125 Hz and match it closely to the readout repetition rate (100 Hz). The measured data plotted as a function of the pulse number are shown in [Fig. 4A](#F4){ref-type="fig"}. We observe that the initial picosecond pulse accounts for a sizable portion of the total signal generated by the pulse train. Note that the scatter in the measured data is likely of an instrumental origin because of the electrical noise from the laser setup and fluctuations of laser power and beam pointing. In [Fig. 4B](#F4){ref-type="fig"}, we show corresponding measurements with the microsecond pulses, which again highlight the analogous phenomenology of the terahertz speed writing and the slower writing in the multilevel antiferromagnetic bit cell.

![Effects of individual picosecond and microsecond pulses.\
(**A**) The multilevel memory signal as a function of the number of applied picosecond pulses. The writing current density in the 2-μm-size CuMnAs/GaAs bit cell recalculated from the applied terahertz field amplitude is 2.9 × 10^9^ A cm^--2^. (**B**) Same as (A) for the microsecond pulses and an applied writing current density of 3 × 10^7^ A cm^--2^ in the 3.5-μm-size CuMnAs/GaAs cell.](aar3566-F4){#F4}

Determination of terahertz writing current and energy density
-------------------------------------------------------------

The electrical current density generated in our CuMnAs memory cells for a given incident terahertz field could not be directly measured. To obtain the writing current density in the terahertz experiments, and the corresponding Joule energy density, we performed independent numerical simulations and experimental calibration based on sample breakdown measurements. These two alternative theoretical and experimental methods, which we now describe in more detail, provide quantitatively consistent results.

The key input parameter of the numerical simulations is the frequency-dependent dielectric function ε of CuMnAs, whose measurement is shown in [Fig. 5A](#F5){ref-type="fig"} (for details, see Materials and Methods). The data can be accurately fitted with Im ε = σ/ωε~0~, where the value of the dc conductivity σ = 8 × 10^3^ ohm^−\ 1^ cm^−\ 1^ agrees with the value obtained from electrical measurements. Using a transfer matrix formalism ([@R30]), we first calculate the electric field inside the 50-nm-thick CuMnAs layer in a layered structure of air/CuMnAs/GaAs without Au electrodes upon incidence of the terahertz field. The amplitude of the electric field in CuMnAs is only 10% of the incident terahertz field value. For the peak incident terahertz field of 10^5^ V cm^--1^, the calculated current density in the CuMnAs film would be 8 × 10^7^ A cm^--2^. Experimentally, we did not observe switching by the terahertz field pulses in structures without Au electrodes, which implies that this current density is below the switching threshold for picosecond pulses.

![Electric field simulations in the device.\
(**A**) Measured frequency-dependent imaginary part of the dielectric function (squares) and fitted expression Im ε = σ/ωε~0~ (line) with the dc conductivity σ = 8 × 10^3^ ohm^−\ 1^ cm^−\ 1^. (**B**) Numerical simulation of the electric field distribution in the device in the noncontact setup for a peak incident terahertz field of 10^5^ V cm^--1^ polarized along the *y* axis. (**C**) Same as (B) in the contact setup for a voltage of 7 V applied between the top and bottom Au contacts. (**D**) Ratio of the electric fields in (B) and (C).](aar3566-F5){#F5}

We observed switching in devices with Au electrodes that strongly modify the incident terahertz field in the CuMnAs cross region. This is confirmed by numerical simulations of the terahertz electric field distribution (see Materials and Methods) that also took the measured dielectric function of CuMnAs at 1-THz frequency as an input and whose results are plotted in [Fig. 5](#F5){ref-type="fig"} (B and C). Here, we compare, side by side, the electric field distribution in the cross structure for the typical peak incident terahertz field of 10^5^ V cm^--1^ used in the noncontact picosecond pulse experiment ([Fig. 5B](#F5){ref-type="fig"}) with the field distribution for the typical voltage of 7 V applied in the contact setup for nanosecond switching pulses ([Fig. 5C](#F5){ref-type="fig"}). For clarity, we also plot in [Fig. 5D](#F5){ref-type="fig"} the ratio of the fields in the two setups. The corresponding current densities in the center of the CuMnAs cross are ≈2 × 10^9^ A cm^--2^ and 6 × 10^7^ A cm^--2^, respectively, which implies that the simulated writing energy density, $\epsilon = \mathit{j}^{2}\tau_{p}/\sigma$, remains constant when increasing the writing speed 1/τ~p~ from gigahertz to terahertz.

We now proceed to the experimental calibration of the writing current and energy density in the terahertz field experiments. First, we show in [Fig. 6](#F6){ref-type="fig"} (A and B) measurements in devices with central cross widths of 1, 2, and 3 μm, and with otherwise the same geometry of the Au electrodes ([Fig. 6A](#F6){ref-type="fig"}) and approximately the same resistance of the devices. The terahertz-induced switching signal plotted as a function of the incident terahertz peak field depends on the size of the cross ([Fig. 6B](#F6){ref-type="fig"}). We again ascribe this observation to the Au electrodes. As shown previously by Novitsky *et al*. ([@R31]) and McMahon *et al*. ([@R32]), and consistent with the above simulations in [Fig. 5B](#F5){ref-type="fig"}, a terahertz field polarized parallel to the electrode drives currents inside the metal, thereby inducing charges of opposite sign on opposite electrode apexes. These charges, and the resulting voltage across the inner device, govern the current in our CuMnAs crosses. At a given incident terahertz peak field, the current flowing through the three different crosses is comparable and, correspondingly, the current density scales up with decreasing width of the crosses. This is consistent with our observation of increasing AMR signal with decreasing cross size ([Fig. 6B](#F6){ref-type="fig"}). When we accordingly rescale the data in [Fig. 6B](#F6){ref-type="fig"} by the cross sizes, as shown in the inset, the three curves fall on top of each other, in agreement with the expected phenomenology for the current-induced switching.

![Switching energy calibration.\
(**A**) Electron microscopy images of the 1- and 3-μm-size devices. Light regions are Au contact pads, gray regions are etched down to the GaAs substrate, and black regions are CuMnAs. (**B**) Magnitude of the switching signal as a function of the terahertz field amplitude (main panel) and of the converted current density (inset) for 1-, 2-, and 3-μm-size devices (blue, black, and red dots, respectively). (**C**) Writing energy density (black, red, and green dots), ϵ = *j*^2^τ~p~/σ, required to obtain a 1-milliohm switching signal as a function of the writing speed $1/\tau_{p}$ in the linear scale (main plot) and in the log-log scale (inset). All data points, except for the point at $1/\tau_{p}$= 1 THz in the inset, are obtained from the contact measurements. The point at $1/\tau_{p}$ = 1 THz in the inset is from the noncontact measurement using the *E* to *j* conversion based on the breakdown energy (see text). Black dots in the main plot correspond to 2-μm-size, red to 3-μm-size, and green to 4-μm-size CuMnAs/GaAs bit cells. Black star symbols and dashed line represent the limiting breakdown energy density. (**D**) Contact writing by 200-ms pulses of current density 1 × 10^7^ A cm^--2^ (white intervals) and the contact writing superimposed on the noncontact writing by a train of picosecond pulses with a kilohertz repetition rate and a terahertz field amplitude corresponding to an additional current density of approximately 1.6 × 10^9^ A cm^--2^ (gray intervals). Data were measured in a 10-μm-size CuMnAs/Si bit cell.](aar3566-F6){#F6}

We point out that charges at the electrode apexes are also induced when a voltage is applied between opposite electrodes in the contact experiments. Therefore, similar field distributions in the cross region are formed for the contact and noncontact field applications, differing only by a global scaling factor. This is confirmed by our simulations in [Fig. 5](#F5){ref-type="fig"}. We take advantage of this notion to experimentally calibrate the terahertz current. As detailed in the Supplementary Materials, we determine in the contact experiments the critical absorbed Joule energy density leading to device damage for 1/τ~p~ up to 4 GHz. Because the energy already saturates in the gigahertz range, extrapolation to the terahertz writing speed is straightforward and enables determination of the scaling factor between the incident peak field and the resulting peak current density in the CuMnAs cross.

The calibration procedure allows us to plot the characteristic Joule energy density $\epsilon$ required to obtain a reference switching signal of 1 milliohm up to the terahertz range, as shown in the inset of [Fig. 6C](#F6){ref-type="fig"}. We find a steeply decreasing $\epsilon$ with increasing 1/τ~p~ below the megahertz range to a saturated value of $\epsilon$ in the gigahertz range (see also main plot of [Fig. 6C](#F6){ref-type="fig"}) that extends to the terahertz writing speed. This demonstrates that, in agreement with the above numerical simulations, current-induced switching at the terahertz writing speed is as energy-efficient as at the gigahertz speed. Note that a small increase of the writing current amplitude induces a large increase of the signal, as shown in [Fig. 6B](#F6){ref-type="fig"}; our conclusions on the writing energy are therefore independent of the particular choice of the reference signal.

The Joule energy leading to device damage and the energy required for switching are separated by approximately a factor of 2 in both the gigahertz and terahertz writing speed range. The vicinity of the breakdown condition in our switching experiments is favorable from the perspective of the above current calibration procedure because it limits potential inaccuracies of the procedure. Simultaneously, the breakdown margin is sufficiently large, allowing us to demonstrate tens of thousands of reversible write-read cycles without any notable wear-out of our experimental devices ([@R16]).

Finally [Fig. 6D](#F6){ref-type="fig"}, we demonstrate that one antiferromagnetic multilevel bit cell can be simultaneously addressed by the noncontact terahertz speed writing and the contact lower speed writing. For the illustration, we choose a CuMnAs/Si bit cell and plot the readout signal when applying 200-ms pulses of *j* = 1 × 10^7^ A cm^--2^ by the contact method with alternating orthogonal current path directions and a 5 s delay between pulses. After 15 switchings, we added the noncontact writing in the form of a 90-s-long train of picosecond pulses with a kilohertz repetition rate and a current density *j* ≈ 1.6 × 10^9^ A cm^--2^. The noncontact picosecond pulses induce an additional switching of the multilevel cell with the superimposed smaller switching signals controlled by the contact pulses.

DISCUSSION
==========

We will now discuss our results in the broader context of writing of magnetic memories. The above presented data illustrate that we have pushed the electrical spin-torque switching, which drives current research and development of magnetic memories, to the terahertz writing speed range. At the gigahertz writing speed, the antiferromagnetic CuMnAs bit cells are written by current densities *j* \~ 10^8^ A cm^--2^ ([@R16]), which are comparable to ferromagnetic spin-orbit torque MRAMs ([@R10], [@R11]). The associated writing Joule energy density, $\left. \epsilon \right.\sim$ kJ cm^--3^, in our antiferromagnetic devices also matches the energy density at a gigahertz writing speed in ferromagnetic spin-transfer torque ([@R9], [@R33]) or spin-orbit torque ([@R10]) memory devices.

For the terahertz writing speed, the applied current density in our antiferromagnetic devices increases only to a value of the order of *j* \~ 10^9^ A cm^--2^, and the writing energy remains the same as for the gigahertz writing speed. This makes antiferromagnets realistic candidate materials for electrically controlled memory devices in the terahertz band.

The result is in marked contrast to ferromagnets where the projected current and energy of the writing would increase by three orders of magnitude from the gigahertz to the terahertz writing speed. For 1/τ~p~ up to a gigahertz, the current density required for switching in spin-orbit torque memories fabricated in the common ferromagnetic transition metal structures is \~10^8^ A cm^--2^ and only weakly deviates from the steady current limit because of the heat-assisted magnetization reversal ([@R10]). This current density corresponds to an effective field *H*~eff~ \~ 10 to 100 mT required for the switching of ferromagnetic moments over the magnetic energy barrier ([@R12]). However, when 1/τ~p~ is above the gigahertz threshold, the steady current limit *H*~eff~ is no longer sufficient for switching because τ~p~ becomes comparable to or smaller than the limiting magnetization reorientation time scale. This is given by 1/*f*, where $\mathit{f} = \frac{\gamma}{2\pi}\mathit{H}_{\text{eff}}$ is the ferromagnetic resonance frequency. To keep *f* in scale with 1/τ~p~, the effective writing field, and therefore *j*, has to increase linearly with 1/τ~p~ above the gigahertz threshold ([@R10]). In particular, *f* reaches 1 THz at about 30 T, and the switching current density linearly extrapolated to the terahertz writing speed would be \~10^11^ A cm^--2^ in the ferromagnetic spin-orbit torque devices. This also means that although the writing energy \~*j*^2^τ~p~ initially drops down with increasing 1/τ~p~, in ferromagnets, it starts to increase linearly with 1/τ~p~ above the gigahertz threshold. A terahertz writing speed would then require energy three orders of magnitude higher than that required for the gigahertz writing speed used in present MRAM devices. With these basic physical limitations, the current-induced spin-orbit torque switching has not been pushed in ferromagnetic MRAMs to 1/τ~p~ far exceeding 5 GHz ([@R10], [@R11]).

On the other hand, the antiferromagnetic resonance frequency is exchange-enhanced and scales as $\sim\sqrt{\mathit{H}_{E}\mathit{H}_{A}}$, which puts it in the terahertz range ([@R34]). Here, *H*~E~ is the interspin sublattice exchange field and *H*~A~ stands for the anisotropy field (in the absence of externally applied fields). This enhancement of the antiferromagnetic resonance frequency and, correspondingly, of the threshold writing speed is due to canting of the antiferromagnetic spin sublattices when brought out of equilibrium.

A uniform magnetic field as required for switching is also exchange-enhanced in antiferromagnets and scales as $\sim\sqrt{\mathit{H}_{E}\mathit{H}_{A}}$, which typically takes it into the tens of Tesla range, inaccessible in microelectronics. However, we exploited the current-induced staggered field that is commensurate with the staggered Néel order, that is, which flips sign at the opposite spin sublattices (see [Fig. 1](#F1){ref-type="fig"}). Although dynamics induced by this staggered field still includes canting of the antiferromagnetic spin sublattices and is thus exchange-enhanced, the amplitude of the staggered field required for switching is only of the order of the anisotropy field, as discussed in detail by Železný *et al*. ([@R15]) and Roy *et al*. ([@R21]). In the antiferromagnet under the current-induced staggered field, the exchange enhancement factor of the switching field amplitude is, therefore, absent. This principle allows antiferromagnets to reach terahertz writing speeds at accessible fields and energies, as confirmed by our experiments and predicted in earlier numerical atomistic spin dynamics simulations ([@R21]).

Considering only the role of the staggered effective magnetic field in a model scenario of coherent switching over an anisotropy field barrier, the writing field and corresponding writing current should remain constant and the energy should then decrease with increasing writing speed down to the terahertz range. However, we observe in our experimental structures that the trend changes between megahertz and gigahertz, beyond which the writing energy remains approximately constant. Experiments in the contact setup, discussed in the Supplementary Materials, confirm that heating effects play an important role in switching and explain why the writing energy saturates.

Apart from requiring approximately the same energy of the writing current pulses in the whole range of 1/τ~p~ from \~100 MHz to the terahertz value, the switching at the terahertz writing speed remains reversible, with the switching direction determined by the direction of the applied pulses. It suggests that a significant reorientation of the antiferromagnetic moments occurs while the terahertz pulse is on, that is, at a picosecond (or shorter) time scale. This is again consistent with earlier numerical simulations of the antiferromagnetic dynamics under the applied staggered field, showing picosecond-scale switching times by picosecond writing electrical pulses ([@R21]). Experimentally, however, it needs to be confirmed in future experiments combining picosecond-scale writing with a comparable readout scale. These experiments will provide a time-resolved physical picture of the switching mechanism and will open the prospect of an ultrafast complete write-read cycle in antiferromagnetic memories. In an earlier work by several of us ([@R35]), we have already demonstrated an initial step in this direction by detecting the Néel vector direction in CuMnAs in a femtosecond laser setup by magnetic linear dichroism, which is the optical counterpart of the AMR.

As a concluding remark, we point out that a terahertz speed memory, whether realized in antiferromagnets or another alternative system that may be discovered in the future, is only one of the many components that need to be developed to make true terahertz electronics and information technologies a realistic prospect. In the meantime, however, the ultrafast writing of antiferromagnetic bit cells can be potentially exploitable without separate terahertz speed processors. The multilevel neuron-like characteristics of our devices, seen in [Fig. 3](#F3){ref-type="fig"}, allow the integration of memory and logic within the antiferromagnetic bit cell. An example of the combined memory-logic has already been demonstrated in earlier GHz writing speed experiments by showing a pulse counter functionality in the CuMnAs device ([@R16]). Future low-noise experiments with terahertz writing pulses and repetition rates spanning a broad range up to terahertz will establish the feasibility and versatility of this autonomous terahertz memory-logic concept, built within the antiferromagnetic bit cells, that requires no separate processor to perform the terahertz speed logic operation.

MATERIALS AND METHODS
=====================

CuMnAs growth
-------------

The CuMnAs film was grown on GaAs(001) or Si(001) by molecular beam epitaxy at a substrate temperature of 220°C. X-ray diffraction measurements showed that the films have the tetragonal Cu~2~Sb structure (space group *P*4/*nmm*). The film and substrate follow the epitaxial relationship CuMnAs (001)\[100\]∥GaAs(001)\[110\] or Si(001)\[110\]. The CuMnAs film thickness is 50 nm. Magnetic measurements confirmed that the CuMnAs film is a compensated antiferromagnet. The Néel temperature is 480 K, and dc conductivity is 8 × 10^3^ ohm^−\ 1^ cm^−\ 1^.

Lithography
-----------

Microfabrication of our CuMnAs cross-shape cells was done using electron beam lithography and reactive ion etching. We used metal masks prepared by lift-off method directly on the surface of CuMnAs films to define the pattern and protect the CuMnAs layer during the reactive ion etching step. We have developed fabrication recipes (consisting of oxide removal just before insertion to the contact pad deposition chamber) which enable us to reduce the degree of oxidation of the CuMnAs surface below contact pads, which was necessary to avoid otherwise non-negligible and uncontrolled contact resistance.

Experimental setup for terahertz field pulses
---------------------------------------------

For the terahertz measurements, intense electromagnetic radiation fields (at \~1 THz) were generated by optical rectification of laser pulses (center wavelength, 800 nm; pulse duration, 350 fs; pulse energy, 4 mJ; repetition rate, 1 kHz) from an amplified laser system in a 1.3 mol percent MgO-doped stoichiometric LiNbO3 crystal (LN) with the tilted pulse front technique ([@R36], [@R37]). To determine the electric field component of the radiation, a (001)-oriented quartz crystal (thickness, 50 μm) was placed at the sample position, where it induced a transient birefringence through the linear electro-optic effect. The birefringence and, therefore, the field were sampled step by step by a variably delayed optical laser pulse (pulse energy, 2 nJ; central wavelength, 800 nm; pulse duration, 8 fs; repetition rate, 80 MHz) co-propagating through the electro-optic material ([@R27]). The electric field strength at the focus was calibrated by measuring the pulse energy by a power meter (Gentec THz-B) and the terahertz beam waist by transmission through an aperture. For the terahertz writing experiments, the sample was placed in the focus of the normally incident radiation beam. The two perpendicular polarization settings of the beam were realized by a wire grid polarizer.

Measurement of frequency-dependent dielectric function of CuMnAs
----------------------------------------------------------------

Terahertz dielectric spectra of CuMnAs (50 nm)/GaAs (0.5 mm) were measured by using two custom-made spectrometers. First, transmission measurements of the film were performed in a standard time-domain terahertz spectroscopy setup (0.15 to 3 THz) based on a femtosecond laser oscillator \[see details in the study of Kužel *et al*. ([@R38])\]. The value of the GaAs substrate thickness, used for the retrieval of the complex refractive index and dielectric function of the film, was refined by using internal Fabry-Perot reflections in the substrate, which are resolved in time and form distinct terahertz pulses separated in time ([@R39]). In this way, the substrate thickness can be estimated with a precision of 200 nm, which is essential for an accurate determination of the phase change during the propagation through the thin film sample. Subsequently, a homemade terahertz air-based photonics setup with air-based coherent detection scheme ([@R40]) was used to determine the complex dielectric spectra of the sample in the frequency range of 1 to 23 THz. To this aim, the spectrum of the GaAs substrate was determined using the same experimental setup, and the substrate thickness determined in previous experiments was used. This experiment was powered by a femtosecond amplifier (Spectra-Physics, ACE) delivering 35-fs-long pulses at 5-kHz repetition rate; the experiment required 0.5-mJ energy per pulse.

Simulations of the terahertz electric field distribution in the device
----------------------------------------------------------------------

The terahertz and dc electric field distributions in the CuMnAs device were numerically simulated using a finite element method (COMSOL Multiphysics 5.1). In particular, for the terahertz case, we use the "Electromagnetic Waves, Frequency Domain Interface" of the RF Module to solve the time-harmonic wave equation for sinusoidally time-varying fields. The incident terahertz electric field was modeled as a Gaussian beam propagating along the surface normal (*z* axis) with width of 900 μm, frequency of 1 terahertz, and linear polarization along the in-plane *y* axis. The dielectric function of CuMnAs was taken from experiment (see above and main text). For Au, we used a Drude model dielectric function, Re ε = 9 × 10^4^ and Im ε = 7 × 10^5^. To calculate the dc electric field, we used the AC/DC module, solving the Laplace equation for the electric potential. The device geometry is modeled in three dimensions (3D), with its full lateral size in the *x* and *y* directions. To reduce the computational cost and limit the number of mesh elements, which becomes particularly problematic for geometries with large aspect ratios as in the case of two thin adjacent films, special care has to be taken in modeling the geometry along the *z* direction. For this reason, we model the CuMnAs layer using the "Transition Boundary Condition," which calculates the drop in the transmitted electric field based on the skin depth and the complex-valued permittivity and assuming a thickness of 50 nm, without the need to model the field inside the layer. The gold contacts were instead modeled as 3D thin films with a thickness of 100 nm using a 10× mesh scaling along the lateral direction. We chose a simulation volume large enough to avoid artifacts arising from reflections at the boundaries of the simulation volume. Similarly, we chose maximum and minimum element sizes of the mesh to not exceed λ/6 and to properly resolve and model the curvatures of the gold pads, respectively. Proper modeling of the edges in the center of the device is crucial to avoid giant artificial field enhancements occurring at metallic point-like features in the geometry.
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